Mayetiola destructor (Say) (Diptera: Cecidomyiidae) is a destructive pest of wheat and is mainly controlled by deploying resistant cultivars. Unfortunately, wheat resistance to Hessian fly is often lost when temperatures rise to a certain level. This study analyzed temperature sensitivity of 20 wheat cultivars that contain different resistance (R) genes. The lowest temperatures at which the percentage of resistant plants fell below 50% in an assay were 18°C for 'D6647 H17' (921680D1-7) (containing the R gene H17)
Phenotypically, Hessian fly larvae die essentially without any development during incompatible interactions, whereas resistant wheat plants grow normally after some initial growth deficit (Anderson et al. 2011 ). On the contrary, Hessian fly larvae grow and develop normally during compatible interactions, whereas infested susceptible plants are stunted and eventually die unless new tillers occur (Byers and Gallun 1971) . Like plant pathogens, Hessian fly larvae also inject various effector proteins into host tissues to manipulate host plants for the benefit of insect parasitism (Aggarwal et al. 2014 , Zhao et al. 2016 ).
Since the insect was introduced to the United States from Europe during the American Revolution (1770s), Hessian fly has spread to all major wheat regions in America and causes great damage in wheat production (Buntin 1999 , Schwarting et al. 2016 . Because Hessian fly larvae live inside wheat plants and the damage to wheat plants is irreversible, chemical application in the field is generally not effective (Byers and Gallun 1971) . Recommended control measures include late planting (so called fly-free date or Best Pest Management Planting Date) to avoid early infestation in the fall, destruction of volunteer wheat to reduce initial population base, seed treatment with systemic insecticides, and the use of resistant cultivars (Zelarayan et al. 1991 . None of the recommended control measures is ideal and each of them has its own drawbacks. Because of climate change and natural fluctuation of temperatures, late planting is becoming less and less effective even in cooler wheat growing regions like Kansas Bruckner 1990, Schwarting et al. 2015) . More and more adoption of no-till farming makes the destruction of volunteer wheat difficult. The effect of seed treatments only lasts for a couple of weeks (Buntin 1992) . The most effective control measure is to develop and deploy resistant wheat to the field , Stuart et al. 2012 .
Because of its effectiveness, the host plant resistance strategy has been widely implemented in various wheat regions to reduce wheat loss due to Hessian fly infestation. One of the major challenges for the host plant resistance strategy is that wheat resistance to Hessian fly is affected by temperatures (Sosa and Foster 1976 , Sosa 1979 , Tyler and Hatchett 1983 , Ratanatham and Gallun 1986 . Specifically, wheat resistance to Hessian fly is lost when temperatures reach a specific level due to unknown mechanisms. However, the impact of temperatures on wheat resistance mediated by many known R genes has not been studied. Such information would be very useful for regional breeders to choose specific R genes for incorporation into their wheat cultivars based on historic temperatures in their regions. The objective of this study is to analyze and compare temperature sensitivity of Hessian fly R genes in wheat that are still effective in the Great Plains area.
Materials and Methods

Hessian Fly Biotype
The Hessian fly population used in this study is biotype GP, which is the most avirulent biotype and shows avirulence to all known R genes except H32 , Sardesai et al. 2005 . The fly population was derived from a colony collected from Scott, Kansas, in 2005 (Chen et al. 2005 . Since then, the colony has been maintained on susceptible wheat seedlings ('Karl 92') in the greenhouse at 20ºC.
Wheat Cultivars With Different R Genes
A set of wheat cultivars, each of which carries a different R gene, has been assembled at the Hessian fly laboratory, USDA-ARS at Manhattan, Kansas. All of the cultivars are hard red winter wheat. Twenty cultivars carrying different R genes that are still effective to current Hessian fly populations in Great Plains region were chosen for this study (Garcé-Carrera et al. 2014) . These cultivars are 'Carol' carrying the R gene H3, 'Erin' carrying H5, 'Caldwell' carrying H6, 'Seneca' carrying a combination of the R genes H7H8, 'Iris' carrying H9, 'Joy' carrying H10, 'Karen' carrying H11, 'Molly' carrying H13, '81602C5-3-3-8-1' carrying H15, 'D6647 H17 (921680D1-7)' carrying H17, 'Redland' containing H18, '84702B14-1-3-4-3' containing H19, 'Jori 13' containing H20, 'KS85WGRC01' containing H22, 'KS92WGRC20' containing H25, 'KS93WGRC26' containing H26, 'PI59190' containing H28, 'Sincape90' containing H29, 'H32 Synthetic' containing H32, and 'KS99WGRC42' containing Hdic. For simplicity, the names of the cultivars will be simply referred as to H3, H5, etc., in the rest of the text, unless specifically stated otherwise.
Wheat Cultivars With the Same R Genes, but From Different Genetic Background
Four wheat cultivars were chosen to examine potential impact of genetic background on temperature sensitivity of a specific R gene. They are Magnum, 'Erin,' Carol, and 'Monon.' Both Magnum and Erin carry the R gene H5, but the pedigree of Magnum is Blueboy/W-504/ Arthur 71, whereas the pedigree of Erin is Newton-207*7/Arthur 71 . Similarly, both Carol and Monon contain the R gene H3, but the pedigree of Carol is Minhardi/Wabash/3/ Chinese Spring/Michigan Amber B45//Purplestraw/4/(Wea, CI 11512)/Trumbull/7/Kawvale/5/Fultz/Hungarian//W38/3/Wabash/4/ Fairfield/6/Trumbull*3//Hope/Hussar, whereas the pedigree of Carl is Newton-207*5/Larned ).
Planting and Infestation
To generate wheat seedlings for infestation, approximately 12 wheat seeds for each cultivar were soaked in a petri-dish with filter paper over night. The seeds were then transferred to a flat (54 × 36 × 8 cm) filled with the soil mix PRO-MIX 'BX' (Hummert Inc., Earth City, MO). Each flat was divided into 24 sections and each cultivar plus four susceptible checks (Karl-92, 'Denby', 'Newton', and 'Fuller') were planted into each section. These flats were initially placed in a greenhouse for germination. After 1 wk, when the second leaf was beginning to emerge, the plants were infested by confining females in a tent that enclosed the wheat seedlings. In a testing flat containing wheat plants, mated fly females were released into a cage with a density of 0.5 females per plant. A duplicated flat under the same condition was included for monitoring egg density. After infestation, egg density in the duplicated flat was monitored hourly. When the egg density reached ~8 per plant on average, which usually resulted in ~5 larvae on average under our experimental conditions, females were removed by driving out the flies from the testing cages.
Temperature Treatments
Infested flats were transferred into growth chambers and maintained at 20°C with a photoperiod of 14:10 (L:D) h for 4 d. Under this condition, eggs hatch at Day 5, and it takes about 12 h for neonates to migrate and reach the feeding site. At the end of Day 4, the growth chambers were reprogrammed to 16, 18, 20, 22, 24, 26, 28, 30, 32 , and 36°C, respectively, for different temperature treatments. The growth chambers were maintained at the respective temperatures for 5 d, when the fate of a Hessian fly larva is determined in a specific plant (namely dead in a resistant plant and live in a susceptible plant) (Byers and Gallun 1971) . The growth chambers were programmed back to 20°C for symptom development of resistant and susceptible plants.
Phenotyping
Twenty-one days after being infested, plants were determined as susceptible or resistant. Phenotypes of resistant and susceptible plants were typical and easily distinguishable. Resistant plants grew normally, whereas susceptible plants were stunted with dark green color (Hatchett and Gallun 1970) . In case there were ambiguities, the first leaf-sheath of a plant was separated from the second leaf-sheath to expose Hessian fly larvae. Reddish shriveled larvae indicate resistant plants, whereas white robust live larvae indicate susceptible plants. Plants with no (dead or alive) larvae were considered as escapes.
Statistic Analysis
The experiment was conducted as a Randomized Complete Block Design with four independent biological replicates. Data were initially analyzed using a logistic regression model. The number of resistant and susceptible plants was the response variable and temperatures and wheat cultivars the explanatory variables. After the initial analysis, a deviance test with Chi-square distribution was conducted to obtain P-values. A logistic model with deviance test was also carried out to determine if the percentages of resistant plants differed significantly under different temperatures. Data were considered significantly different if P ≤ 0.05, which was equivalent to P ≤ 0.0024 after Bonferroni (1935) correction. All the statistical analyses were conducted with R version 3.0.1 (http://cran.r-project.org/).
Results
Cultivars with Different R Genes Exhibit Differential Responses to Higher Temperatures
As shown in Table 1 , wheat cultivars carrying different R genes exhibit remarkable differences in response to different temperatures. The two cultivars, H17 and H18, were most sensitive to higher temperatures, losing more than 50% of resistant plants at 18°C and 20°C, respectively. For the H19, H3, H29, H5, H20, and H28 cultivars, the percentages of resistant plants fell below 50% at 26°C or above. The H10, Hdic, H11, H6, and H7H8 cultivars showed less sensitivity to higher temperatures. The percentages of resistant The R genes underlined are contained in nearly-isogenic lines. The percentages of resistant plants for cultivars <50% at the lowest temperature were shaded and bold. Temp (temperature); H3 to H32 (wheat resistance gene H3 to H32); N (total plants tested); %R (percentage of resistant plants); SE (standard error). plants for these five cultivars fell below 50% at 28°C. On the other hand, the H22, H25, H13, H9, H32, H15, and H26 cultivars were more resistant to temperature increases, particularly, the last three cultivars (H32, H15, and H26) which were highly resistant to temperature increases, with the percentages of resistant plants remaining above 50% even at 36°C, the highest temperature that we could test without seriously damaging plant growth.
Genetic Background Affects Temperature-Sensitivity of Wheat Cultivars Carrying the Same R Gene
To examine if the temperature sensitivity of wheat resistance to Hessian fly is solely determined by an R gene or is also affected by the genetic background of a wheat cultivar, the impact of temperatures on Hessian fly resistance in wheat was analyzed in cultivars that carry the same R gene, but in a different genetic background. The first pair of cultivars analyzed were Magnum and Erin, both of which contain the R gene H5 from the same donor 'Arthur,' but the remaining pedigrees for the two cultivars are different (see Materials and Methods). Despite both cultivars carrying the same R gene, the temperature sensitivity of the two cultivars differed remarkably ( . As shown in Table 2 , Carol was more sensitive to temperature increases than Monon in terms of loss of resistance to Hessian fly infestation.
Discussion
Breeding and deploying resistant wheat is the most effective means to control Hessian fly. Unfortunately, wheat resistance to Hessian fly is temperature sensitive (Sosa and Foster 1976 , Sosa 1979 , Tyler and Hatchett 1983 , Ratanatham and Gallun 1986 . It would be ideal that we can identify R genes that remain resistant at high levels of temperature, for example, above 30°C. However, to date, most known R genes lose resistance when temperature is above 28°C. Moreover, R genes with resistance at a higher temperature may not provide resistance to prevalent biotypes in a specific wheat region. At present, we still need to use the existing R genes. Therefore, it is important for breeders to know which R genes are effective under which temperature range so that they can choose the right R genes to incorporate into wheat cultivars grown in different wheat growing regions based on historic temperature data and prevalent fly biotypes in that region. The information on temperature sensitivity for most known R genes is not available. In this study, we analyzed the impact of temperatures on the resistance of 20 wheat cultivars, each of which carries a different R gene. This data should provide valuable information for breeders and farmers to select the right R genes for controlling Hessian fly damage in their regions. Our data suggest that the temperature sensitivity of a wheat cultivar is determined by two factors: the R gene contained in a wheat cultivar and the genetic background of the cultivar. In this study, six nearly-isogenic lines that contain different R genes were used. These six isogenic lines are Carol (H3), Erin (H5), Iris (H9), Joy (H10), Karen (H11), and Molly (H13). The nearly isogenic lines were derived through 5-7 times backcross of the resistance donor to the Hessian fly-susceptible cultivar Newton, and, therefore, their genetic background should be essentially the same ). Yet the temperature sensitivity of these six nearly isogenic lines was very different (Table 1) . The lowest temperatures for the percentages of resistant plants fell below 50% were 24°C for Carol, 26°C for Erin, 28°C for Joy and Karen, 32°C for Molly, and 34°C for Iris, indicating that different R genes have a significant impact on the temperature sensitivity of wheat resistance to Hessian fly. The molecular mechanisms on differential temperature sensitivity associated with specific R genes remained to be revealed. In Arabidopsis, temperature can modulate plant defense directly through R proteins with an NB-LRR structure (Zhu et al. 2010) . Even though no R gene has been cloned, Hessian fly R genes in wheat are likely to encode NB-LRR proteins based on the dominance of R genes and a genefor-gene relationship. It is possible that temperature sensitivity of wheat resistance to Hessian fly is also due to different structures of R proteins.
The impact of higher temperatures on plant resistance to aphid species is different. Elevated temperatures have been found to enhance soybean resistance to the soybean aphid Aphis glycines Matsumura (Hemiptera: Aphididae) (Whalen and Harmon 2015, Hough et al. 2017) , and sorghum resistance to greenbug, Schizaphis graminum (Rondani) (Hemiptera: Aphididae) (Thindwa and Teetes 1994) . Apparently, the effects of elevated temperatures on plant resistance are specific to the types of insect-plant systems. Further research remains to be done to elucidate the molecular mechanisms associated with different systems.
Our data suggest that the genetic background of a wheat cultivar also has a significant impact on temperature sensitivity of wheat resistance to Hessian fly for wheat cultivars that carry the same R gene ( Table 2 ). The two wheat cultivars Erin and Magnum both contain the R gene H5. Yet, Erin was much more sensitive to high temperature than Magnum. Difference in temperature sensitivity was also observed between Carol and Monon, both of which contain the R gene H3. The interactions between Hessian fly and wheat have been long known to have a typical gene-for-gene relationship Gallun 1970, Stuart et al. 2012) . Our data here suggest that there are other factors that also affect fly resistance in wheat. During compatible interactions, a range of heat-shock proteins (HSP) are induced in wheat plants to high expression levels upon Hessian fly infestation (Liu et al. 2007 ). One of the up-regulated HSPs is essential for wheat plants to be susceptible, is, therefore, a susceptibility gene (named Mds-1) to Hessian fly infestation in wheat (Liu et al. 2013) . Other HSPs, such as HSP70 and HSP90, are also involved to modulate plant resistance to herbivores (Hubert et al. 2003 , Jelenska et al. 2010 . It is possible that some of the HSPs are expressed at different levels or respond differently to fly infestation in cultivars with different genetic background, which may affect temperature sensitivity of specific R genes. Other factors in the defense pathways mediated by R genes may also play a role in temperature sensitivity of R gene-mediated resistance.
In summary, we did a systematic analysis on the impact of temperatures on the resistance of wheat cultivars that carry different R genes for Hessian fly resistance. Our data revealed that the temperature sensitivity of wheat resistance to Hessian fly in a cultivar is affected by the R gene contained in that cultivar and the genetic background of the cultivar. Our data should provide valuable information for breeders and farmers to select the right R genes to control Hessian fly damage in different regions. Our data also suggest that temperature sensitivity of a wheat cultivar should be analyzed even if the R gene is known since genetic background of a cultivar also has a strong impact on temperature sensitivity of wheat resistance to Hessian fly.
